Extant squirrels exhibit extensive variation in brain size and shape, but published endocranial data for living squirrels are limited, and no study has ever examined brain evolution in Sciuridae from the perspective of the fossil record to understand how this diversity emerged. We describe the first virtual endocast for a fossil sciurid, Cedromus wilsoni, which is known from a complete cranium from Wyoming (Orellan, Oligocene), and make comparisons to a diverse sample of virtual endocasts for living sciurids (N = 20). The virtual endocasts were obtained from high-resolution X-ray micro-computed tomography data. Comparisons were also made with endocasts of extinct ischyromyid rodents, the most primitive rodents known from an endocranial record, which provide the opportunity to study the neuroanatomical changes occurring near the base of Sciuridae. The encephalization quotient of C. wilsoni is higher than that of Ischyromys typus from the same epoch, and falls within the range of modern terrestrial squirrel variation, but below the range of extant scansorial, arboreal and gliding sciurids when using cheek-tooth area for the estimation of body mass. In a principal components analysis, the shape of the endocast of C. wilsoni is found to be intermediate between that of primitive fossil taxa and the modern sample. Cedromus wilsoni has a more expanded neocortical surface area, especially the caudal region of the cerebrum, compared with ischyromyid rodents. Furthermore, C. wilsoni had proportionally larger paraflocculi and a more complex cerebellar morphology compared with ischyromyid rodents. These neurological differences may be associated with improvements in vision, although it is worth noting that the size of the parts of the brain most directly involved with vision [the rostral (superior) colliculi and the primary visual cortex] cannot be directly assessed on endocasts. The changes observed could also relate to balance and limb coordination. Ultimately, the available evidence suggests that early squirrels were more agile and visually oriented animals compared with more primitive rodents, which may relate to the process of becoming arboreal. Extant sciurids have an even more expanded neocortical surface area, while exhibiting proportionally smaller paraflocculi, compared with C. wilsoni. This suggests that the neocortex may continue increasing in size in more recent sciurid rodents in relation to other factors than arboreality. Despite the fact that both Primates and Rodentia exhibit neocortical expansion through time, since the adoption of arboreality preceded major increases in the neocortex in Primates, those neurological changes may be related to different ecological factors, underlining the complexity of the inter-relationship between time and ecology in shaping the brain in even closely related clades.
Introduction
Members of Sciuridae exhibit a wide array of locomotor habits, exhibiting terrestrial, scansorial, arboreal and gliding adaptations (Rose & Chinnery, 2004; Krubitzer et al. 2011; Bertrand et al. 2015) . This family is also taxonomically diverse with at least 50 extant genera and 273 species (Mercer & Roth, 2003) . The classification by Wilson & Reeder (2005) is followed here using the following subfamilies and tribes: Ratufinae (Asian Giant Squirrels); Sciurinae [Sciurini (Holarctic Tree Squirrels) and Pteromyini (Flying Squirrels)], Callosciurinae (South Asian Tree Squirrels) and Xerinae (Marmots, Holarctic and African Ground and African Tree Squirrels). Members of this family are native to all continents except Australia and Antarctica (Mercer & Roth, 2003) . Several studies have looked at the relationships among sciurid subfamilies and recover similar phylogenetic relationships (Mercer & Roth, 2003; Steppan et al. 2004 ). Because the current study is using some of the same genera as Mercer & Roth (2003) , we are following their phylogenetic framework (Fig. 1) . Pilleri et al. (1984) showed that living members of the family Sciuridae exhibit variation in brain size and shape. These authors were interested in knowing if relative brain size varies with ecological factors, such as locomotion, social behaviour and activity period. They gathered quantitative data from the literature on body and brain masses for 14 modern sciurid species (six Xerinae, five Sciurini and three Pteromyini; Brummelkamp, 1939; Crile & Quiring, 1940; Pilleri, 1959 Pilleri, , 1960 Nikitenko, 1966; CompointMonmignaut, 1973; Sacher & Staffeldt, 1974) , as well as calculating other quantitative data (e.g. cerebrocortical volume and surface area) for nine modern sciurid species (seven Xerinae and two Sciurini). Iwaniuk (2001) looked at the variation in brain size associated with sexual dimorphism among five species of the genus Spermophilus (Nearctic ground squirrel). Roth & Thorington (1982) were interested in the variation in relative brain size among African arboreal and ground squirrels (20 species). Several papers have provided brain and body mass data for Sciuridae among other mammalian groups (Warncke, 1908; Anthony, 1928; Mangold-Wirz, 1966) . Brauer & Schober (1970) published an atlas of brains with illustrations, photographs, as well as body and brain masses for different taxonomic groups including five living sciurid species (one Sciuridae and four Xerinae species). Krubitzer et al. (2011) focused on the variation in neocortical organization in rodents and included two species of squirrels (Californian ground and Eastern grey squirrels). Finally, Mat ej u et al. (2016) published a study on the correlation between brain/body masses and sociality using a total of 63 species of the tribe Marmotini (Xerinae). Although these quantitative data are extremely valuable, they were obtained on a limited number of species from different subfamilies. In general, with respect to modern squirrels, there is a lack of data in terms of quantitative comparisons between the various subfamilies for the form of the brain. The current study includes endocranial data for 20 extant sciurids, significantly expanding our knowledge of the diversity of form in living members of this group (Fig. 1) . Fig. 1 Dorsal view of the endocasts, and relationships, for the extant Sciuridae discussed in the text. The topology of the tree is based on Mercer & Roth (2003) .
Furthermore, fossil members of the family have never been investigated to elucidate the process of squirrel brain evolution. We describe the virtual endocast of Cedromus wilsoni (USNM 256584), which represents the oldest endocranial record for a sciurid rodent (Wyoming; Orellan, early Oligocene). The virtual endocast was obtained via high-resolution X-ray micro-computed tomography (CT). Figure 2 illustrates the hypothesized relationships of C. wilsoni with other modern sciurids and more primitive fossil ischyromyids based on Korth & Emry (1991) and Mercer & Roth (2003) . Ischyromyidae corresponds to one of the oldest rodent families (Late Paleocene to Late Oligocene), which is considered to be either at the base of Rodentia (Matthew, 1910; Wilson, 1949; Wood, 1962) or as the ancestor to modern Sciuromorpha (Hartenberger, 1980; Dawson et al. 1984; Korth, 1984 Korth, , 1994 Flynn et al. 1986 ). The endocranial anatomy of three species of ischyromyids (Paramys delicatus, Paramys copei and Ischyromys typus) has previously been described , providing a framework for comparison with C. wilsoni.
Regarding the relationships of Cedromurinae with other rodents, this subfamily is placed outside of modern squirrels because C. wilsoni lacks the distinctive sciuromorph morphology. In sciuromorphs, the origin of the anterior deep masseter muscle is located on the anterior surface of the zygomatic plate (Thorington & Darrow, 1996) , which is a broad, flat expansion of the anterior aspect of the zygomatic arch. Cedromus wilsoni lacks this plate, and possesses a large infraorbital foramen that may have conveyed part of the masseter muscle, thereby independently evolving a version of the myomorph condition (Korth & Emry, 1991) . However, it is worth noting that the sciuromorph condition may have been reached independently by distinct sciurid taxa (Korth & Emry, 1991; Thorington & Darrow, 1996) .
Consequently, it could be argued that its absence in C. wilsoni is insufficient to exclude it from membership in the sciurid crown clade, although the fact that it evolved a distinct, peculiar zygomatic morphology would seem to argue against this possibility (Korth & Emry, 1991) . Ischyromyid rodents exhibit the primitive condition, protrogomorphy (Wahlert, 1974) , in which the anterior deep masseter originates from the zygomatic arch, which lacks the expanded plate seen in modern sciuromorphs (Thorington & Darrow, 1996) . Despite the fact that C. wilsoni has a different zygomasseteric configuration from living sciurids, this species is considered a stem member of that family (Fig. 2 ) because it has a postorbital process with a posterior extension, an enlarged postglenoid foramen, as well as a bony canal presumed to be for the passage of the stapedial artery (Korth & Emry, 1991) , all of which are more similar to the condition in living sciurids than the anatomy observed in ischyromyids.
Because previous studies on brain evolution in rodents suggest that an increase in relative brain size might be associated with arboreality (Mace et al. 1981; Pilleri et al. 1984; , this issue specifically will be examined in this paper. Although some uncertainty persists about their precise locomotor mode, the evidence suggests that ischyromids were not dedicated arborealists. Based on postcranial data, Paramys has been considered as a generalist (Rose & Chinnery, 2004) , and on cranial data as a terrestrial rodent (Bertrand et al. 2015) . Ischyromys was found to be semi-fossorial by Wood (1937) and terrestrial in Bertrand et al. (2015) . In contrast, the living sciurid Ratufa, the genus with the most basal position in Fig. 1 , is a committed arborealist, and this locomotor mode has been inferred to be primitive for the family (Emry & Thorington, 1982) , with terrestrial taxa being well-nested in the tree (Steppan et al. 2004 ). Unfortunately C. wilsoni remains unknown from postcranial material, but in light of its inferred status as a primitive sciurid, and the fact that other fossil scuirids known from postcranial material are consistently interpreted as arboreal (i.e. Douglassia jeffersoni; Emry & Thorington, 1982) , C. wilsoni might be inferred to be arboreal. As such, comparisons between its endocast and those of ischyromyids may permit a better understanding of the neurological and ecological changes that may have occurred during the transition to arboreality.
The hypothesis that arboreality led to changes in the size of the brain in squirrels can be explored not only by looking at the relative size of the endocast, but also by examining the relative proportions of the different functional regions of the endocasts (e.g. neocortex, paraflocculi). Based on Paramys and Ischyromys' endocasts, suggested that fluctuation in relative brain size may have occurred through time in rodents, but that there was a general trend of neocortical expansion. However, these studies were based on small samples of fossil specimens, including only members of the primitive, extinct family Ischyromyidae and one extant sciurid (Sciurus carolinensis). The current study expands this framework by adding more data for extant sciurids, and for the most primitive member of a diverse modern family, allowing for a test of these ideas for Sciuridae specifically.
We will focus on: (i) how C. wilsoni differs from modern squirrels and primitive ischyromyid rodents in term of its overall relative brain size and shape; (ii) the neurological changes occurring at or near the base of Sciuridae; (iii) the ecological factors that may be associated with those changes in the brains of early sciurids; and finally (iv) how C. wilsoni and Oligocene primates differ in term of the factors that may be associated with neurological changes occurring during this epoch.
Materials and methods
USNM 256584 includes an undistorted and well-preserved cranium of C. wilsoni, which was described in detail by Korth & Emry (1991) . The specimen of C. wilsoni (USNM 256584) was found in a channel (Converse County, White River Formation, Wyoming, USA), which is dated to the Orellan North American Land Mammal Age (NALMA; early Oligocene; Janis et al. 2008) . Although Korth & Emry (1991) suspect that it might be late Orellan or possibly early Whitneyan (late middle Oligocene), the stratigraphic horizon has been dated at about 32-33 Ma (middle or late Orellan; Larson & Evanoff, 1998; Prothero & Emry, 2004) .
USNM 256584 was scanned in May 2014 with the high-resolution X-ray micro-CT scanner at the Shared Materials Instrumentation Facility (SMIF), Duke University (North Carolina, USA). It was scanned with a source-object distance of 113.87 mm, and energy settings of 165 kV and 0.088 mA. A total of 1953 slices were reconstructed using 1600 views with an interslice spacing and interpixel distance of 0.026 mm (X = Y = Z), stored as 16-bit tiffs, resulting in a 3.53 GB dataset. The data were cropped to 1082 9 899 pixels using ImageJ and the part of the dataset that includes the endocast corresponds to 1188 slices (Table S2 ).
The endocranial cavity was manually segmented using a WACOM Cintiq 21UX tablet in Image J (Rasband, 1997 (Rasband, -2014 . For each slice the endocranial cavity was coloured in pure white to allow its visualization separately from the skull ('segmentation'). If bone was missing, we used a straight line to trace from the two nearest pieces of preserved bone. When the bone looked detached from the matrix was followed, based on the idea that a natural endocast had formed inside the cranium. The endocast was ready to be visualized after all the slices were filled with pure white. The stack was saved at 8 bit tiffs and loaded into AVIZO â 7.0.1 software (Visualization and Sciences Group, 1995-2012) . We created a new labelfield module based on the slices containing the endocast, and a surface rendering of the endocast was obtained (Fig. 3) . Finally, the skull and the endocast were opened separately in AVIZO â 7.0.1, and two different labelfield modules were created in order to obtain an image showing the endocast inside a translucent cranium (Fig. 4E ).
Twenty virtual endocasts of extant sciurids were included for comparison (Fig. 5) . The extant sciurid sample includes representatives from four of the five sciurid subfamilies: Callosciurinae (four species), Ratufinae (one species), Xerinae (five species) and Sciurinae [Sciurini (three species) and Pteromyini (seven species)]. The only subfamily that was not sampled is Sciurillinae (Pygmy Squirrels), composed of only a single species. Although this sample only includes 20 of the more than 270 species classified in this family, it was chosen to represent the diversity of adaptations in Sciuridae to the greatest extent possible. It represents diversity in locomotor mode as well as phylogeny, with eight arboreal, three scansorial, seven gliding and two terrestrial species (locomotor modes from Thorington et al. 1997 ; Table S1 ). Furthermore, with this sample we captured most of the body mass variation existing in living squirrels. Body masses in our sample range from 34.2 to 2050.4 g, which encompasses most of the range reported by Hayssen (2008) [14.5 g (Nannosciurus melanotis)-2268 g (Petaurista philippensis)], with the exception of the largest living squirrel, Marmota (body mass average = 4206 g; Hayssen, 2008) . Although it would have been ideal to include Marmota as well, it is sufficiently larger than Cedromus that it is likely to be less relevant as a source of comparison for the current study.
We included annotated illustrations of one extant specimen to illustrate general anatomical features exhibited by most modern sciurids from our sample (Figs 6 and 7), with a few notable contrasts from this morphology highlighted in Fig. 5 . Most of the crania were in good condition and complete, but some were slightly damaged. The left frontal and nasal as well as the right frontal bones of Petaurista petaurista (USNM 589079) have some broken parts, the parietal of Funisciurus pyrropus (USNM 294865) is damaged in two places (lateral and caudal), two holes are present in the left frontal and right parietal bones of Protoxerus stangeri (USNM 435027), Heliosciurus rufobrachium (USNM 378091) has a hole in the central part of its parietal bone, and Callosciurus sp. (USNM 294865) has some damage to the basicranium, three holes (right nasal, left frontal and parietal bones), and a crack in the frontal and parietal bones. Nevertheless, endocranial measurements were not affected in most specimens, except perhaps slightly in Callosciurus sp. (USNM 294865), in which the petrosal was damaged internally, impeding the reconstruction of the cast for nerves VI and VII. The settings and scanning information for the sample of extant sciurids are given in Table S2 . For the modern specimens the segmentation process was done using AVIZO â 7.0.1 software (Visualization Sciences Group, 1995 -2012 and the WACOM Cintiq 21UX tablet. A new labelfield module was created in the segmentation editor and the interior of the cranium was selected using the magic wand tool. Openings in the skull (e.g. foramina, fissures, any areas of breakage) were closed manually using straight lines to allow for the selection of just the endocranial cavity.
(Visualization Sciences Group, 1995 Group, -2010 and AVIZO â 9.0.1 software (Visualization Sciences Group, 1995 . Those measurements are based on the dimensions illustrated in Fig. 8) . They were used to calculate various ratios (Table S4) and to perform a principal components analysis (PCA) in the software PAST (Hammer et al. 2001; Fig. 9) . A Shapiro-Wilk test was performed to see if the data were normally distributed (i.e. not significantly distinguishable from normal). The majority of the data were normal except for the following variables: olfactory bulb length and cerebellum maximum length (Table S5) . In order to obtain the volume of the virtual endocast, a surface rendering was generated using unconstrained smoothing. Following Macrini et al. (2006) , volumes were also calculated for specific anatomical portions of the endocast. The volume of the olfactory bulbs was obtained by isolating those structures and cropping out the rest of the endocast using the module 'volume edit' in AVIZO â 7.0.1. Both paraflocculi were re-segmented on the XZ dimension using a distinct labelfield module, and then a surface rendering was generated for both the endocast and the paraflocculi. The surface area of the neocortex for each specimen was also calculated from the surface rendering of the full endocast in AVIZO â 7.0.1 software (Visualization Sciences Group, 1995 -2012 . The neocortical surface area was estimated by selecting the area above the orbitotemporal canal, and excluding the circular fissure and the confluence of sinuses. Three different ways of obtaining the neocortical surface area are included. First, the whole neocortical surface area was selected and the superior sagittal sinus was included (NS). Second, the superior sagittal sinus was excluded from the surface area (NS2; following Orliac et al. 2014) . Third, only one side of the neocortex (the most complete hemisphere) was selected, the superior sagittal sinus was excluded and the area of the hemisphere was doubled (NS1 9 2; following Jerison, 2012; Long et al. 2015) .
The resulting data for all the specimens can be viewed in Table S6 . Relative neocortical surface area, and relative olfactory bulb and parafloccular volumes are presented in Table S7 . The surface renderings of the endocasts described in this paper as well as the previously published rodent specimens ) are available on MorphoSource (www.morphosource.org; Boyer et al. 2014 ).
The encephalization quotient (EQ) was used to compare brain size among specimens exhibiting different body masses. The EQ (EQ = E i /E c ) was first proposed by Jerison (1973) , and corresponds to the ratio between the actual brain size of a given species i (E i ) and the brain size expected for a hypothetical, 'typical' mammal of the same body mass (E c ; Martin, 1990) . Body mass was obtained based on skull length and cheek-teeth area for C. wilsoni (USNM 256584) as well as the extant sciurids -the same approach was used on all specimens in our sample to ensure comparability of the results. The regressions used to estimate body mass are from Bertrand et al. (2015; Table S8 ). For comparison purposes, we calculate E i using the three standard equations (i.e. Jerison, 1973; Eisenberg, 1981; Pilleri et al. 1984 ; Table S1 ). The EQ was first calculated using Jerison's original (1973) equation for the purposes of comparison with other literature, although this formulation has a problem that is particularly relevant in the current study. In his equation [E c = 0.12 (BM) 0.67 ], the intercept (0.12), based on scaling relationships in modern mammals, is too high for small mammals, such as the majority of rodent species. Eisenberg (1981) took this problem into consideration, and his equation [E c = 0.0553 (BM) 0.74 ] better describes most of the body mass variation in Rodentia. However, the slope (0.74) is too steep for the relationship between brain and body mass in rodents specifically, and results in overestimating the EQ of small species and underestimating the EQ of large species. Pilleri et al. (1984) proposed another equation adapted specifically to rodents with [E c = 0.0997 (BM) 0.6419 ]. This equation has a substantively lower slope but a slightly higher intercept compared with the equation of Eisenberg (1981) . In spite of these issues, it remains standard practice to report EQs based on both Jerison's and Eisenberg's equations to allow for comparison to other publications (Macrini et al. 2007; Silcox et al. 2009 Silcox et al. , 2010 Silcox et al. , 2011 Orliac et al. 2014; Ramdarshan & Orliac, 2015; Dozo & Mart ınez, 2016) . The equations produced by Jerison (1973) and Eisenberg (1981) will be used to compare the EQ of our specimens with those calculated for members of other mammalian orders. Values for all three equations were calculated for the fossil endocasts and are included in Table 1 ; values for a diverse sample of living sciurids (> 487 specimens, including the 20 extant specimens used for obtaining the virtual endocasts; Table S1 ) and non-rodents based on data from other sources are also given in Table S1 and were included in EQ comparisons. We only used data from the literature for which body and brain masses were obtained for the same specimen. Data that were not associated with a unique specimen (e.g. average body mass for a species instead of individual body mass) were excluded. The cranial capacity (E c ) or endocranial volume (mm 3 ) was converted to brain mass (g) by dividing the endocranial volume by 1.05 (Hofman, 1983; Falk, 2007) . Although uncertainty in body mass can affect the EQ values, the confidence intervals for skull length (AE 0.10 g) and cheek-tooth area (AE 0.05 g) are very low (Bertrand et al. 2015) and have only a very minor impact on the EQ values in this study.
We generated a series of bivariate plots (Figs 9B,C, 10B and 11B, C) as well as boxplots (Figs 9A, 10A, 11A and 13) based on the data that we collected on the different specimens (endocranial, olfactory bulb and paraflocculi volumes; neocortical surface area; see data in Tables S1, S8, S9 and S10) using the software SPSS (IBM, 2014) . For the bivariate plots, we provide the least-squares regression line for extant Sciuridae to illustrate the trajectory of the slope for each regression (Table S11) . We also included the residuals of the different fossil rodents including C. wilsoni from the regression line for extant sciurid rodents (Tables S12 and S13).
Descriptions and comparisons

Principal components analysis
The results of the PCA are presented in Table S5 and Fig. 12 . The first two principal components (PCs) explain > 95% of the total variation. The loadings for PC1 are all positive, which suggests that this component mainly describes size variation, with larger endocasts having higher positive values on this axis. The loadings for PC2 include both negative and positive values. As PC2 is orthogonal to PC1, we can interpret this pattern as representing size-independent shape variation ( Fig. 12 ). For PC2, the variables total endocast length (TL), olfactory bulb length (OL) and cerebellum maximal length (CLML) have strong negative loadings, and cerebrum maximal length (CRML), cerebrum maximal height (CRMH) as well as cerebrum maximal width (CRMW) have strong positive loading values (Table S5 ). This means that PC2 can be interpreted as describing the variation in length measures of the endocast as compared with the various dimensions of the cerebrum (i.e. length, width, height). In PC2, the specimens with high positive values tend to have large cerebra relative to the length of the endocast. The reverse is true for taxa with high negative values on PC2 (Fig. 12 ). EQ, encephalization quotient. Cheek-teeth row area was used to estimate body mass and determine the EQ (body mass estimates with skull length are presented in Table S14 ). Endocranial volumes were converted to mass by dividing the volume by 1.05 (Hofman, 1983) . To calculate the neocortical surface area ratio, the whole neocortical surface area was selected and the superior sagittal sinus was included. The ratios of the olfactory bulbs and paraflocculi were calculated using the total volume of those structures, divided by the total volume of the endocast in each case (see Tables S9 and S10 ). The EQs were calculated using the equations of Jerison (1973) , Eisenberg (1981) and Pilleri et al. (1984) (see also Table S1 ).
In the PCA plot ( Fig. 12) , extant sciurids and fossil rodents do not overlap in the multivariate space. Cedromus wilsoni is isolated from modern sciurids and fossil ischyromyids, but is located closer to the former group. In particular it has a less negative score on PC1 than the other fossil taxa, suggesting an overall smaller size for the endocast, but also has a more positive score on PC2, suggesting an expanded cerebrum relative to length. No clear distinction is found among the different extant sciurid specimens organized by subfamilies, although there are some patterns in the contrasts between various groups. The three specimens belonging to modern Sciurini do not overlap on the PC2 axis with the specimens pertaining to Xerinae and Pteromyini. In contrast, the four Callosciurinae species overlap with all extant sciurids (except Sciurini species). Extant Pteromyini, Sciurini and Xerinae species with large body masses tend to have larger cerebra than specimens from the same subfamilies with lower body masses. Callosciurinae species follow a different pattern compared with specimens from other subfamilies. The callosciurin specimens with the lowest PC2 values, Lariscus insignis (USNM 488570) and Rhinosciurus laticaudatus (USNM 488511), are both terrestrial, while the two specimens with higher values are either arboreal or scansorial [Callosciurus sp. (USNM 294865), arboreal; Dremomys rufigenis (USNM 488602), scansorial]. The single ratufine specimen sampled, pertaining to a giant arboreal squirrel [Ratufa affinis (USNM 488104)], has high values on both PC1 and PC2.
Brain size and EQ
The endocranial volume of C. wilsoni (USNM 256584) is 3.61 cm 3 . In order to obtain its EQ, the cranial capacity or endocranial volume (mm 3 ) was converted to brain mass (g) by dividing the endocranial volume by 1.05 (Hofman, 1983 ; Table S1 ). The area of the cheektooth row (CTL 9 CTW) as well as skull length (SL) were used to estimate body mass of the fossil as they are the dimensions that give the best estimation for body mass in fossil rodents (Bertrand et al. 2015 ) (see Table S14 for comparative EQ values obtained from both SL and CTL 9 CTW).
The rodent-specific equation for EQ of Pilleri et al. (1984) was used to compare the EQ of C. wilsoni with those of other fossil rodents, as well as extant Sciuridae grouped by locomotor habits (Fig. 13A ). The EQ of the Oligocene C. wilsoni (USNM 256584) using the Pilleri et al. (1984) equation and cheek-tooth area for body mass estimation is 0.74, and is similar to that calculated for the middle Eocene (Bridgerian NALMA) P. delicatus (AMNH 12506; 0.75) and lower than the EQ of the early Eocene (Wasatchian NALMA) P. copei (AMNH 4756; 0.84). The Orellan C. wilsoni has a higher EQ compared with I. typus (AMNH 12252, 0.64; ROMV 1007, 0.51), but lower than I. typus (AMNH F: AM 144836, 0.77) from the same NALMA. When the EQs of extant sciurids are categorized by locomotion they show that arboreal squirrels have the highest EQs among this family (Fig. 13A ). Terrestrial squirrels have the lowest EQs, and scansorial and gliding squirrels exhibit intermediate values (Fig. 13A) . Nevertheless, some terrestrial specimens [Marmota sibirica, Epixerus ebii and L. insignis (USNM 488570)] have EQs in the range of specimens belonging to the other locomotor categories (Fig. 13A ). All fossil rodents (i.e. C. wilsoni, I. typus and Paramys) are in the range of extant terrestrial squirrels and have lower EQs than observed in any living arboreal, scansorial or gliding squirrels when using cheek-tooth area. Interestingly, C. wilsoni has an EQ in the low range of modern gliding squirrels when using skull length to estimate body mass.
A regression analysis of brain/body masses in extant squirrels, fossil ischyromyids and sciurids was performed (Fig. 14) . The results show that the estimated brain mass of C. wilsoni, as well as that of I. typus and both species of Paramys, are in the lower range of variation relative to body mass for modern sciurids (Fig. 14A ). Although they are in the range of some modern Xerinae, when a regression equation is calculated separately for that subfamily, the fossil taxa can be seen to have lower values than would be expected if they were Xerinae (Fig. 14B) , with consistently negative residuals from the least-squares regression line for that subfamily (Table S13) . Overall, all fossil rodents included in this analysis have a smaller brain mass than would be expected for their body mass compared with living Sciuridae.
When comparisons are made more broadly using Eisenberg's (1981) equation for calculating EQ, fossil ischyromyids and sciurids have an EQ in the upper range of fossil 'archaic mammals' ( Fig. 13B ; Fig. 8 Comparisons of the ratios for the neocortex, paraflocculi and olfactory bulbs for fossil Ischyromyidae and Scuiridae as well as one extant squirrel. Neocortical surface area (blue), paraflocculi (green) and olfactory bulbs (yellow) highlighted (with percentages relative to total brain surface area or volume) in lateral view for the endocasts of (A) Paramys copei (AMNH 4756), (B) P. delicatus (AMNH 12506), (C) Ischyromys typus (AMNH F: AM 144638), (D) Cedromus wilsoni (USNM 256584), (E) Sciurus carolinensis (AMNH 258346). Scale bar: 10 mm. Table S10 for data). The open circle and asterisk on the boxplot represent an outlier and an extreme outlier, respectively. Least-squares regression lines are included for extant Sciuridae. Slope, intercept, r 2 and residuals values are given in Tables S11 and S12. Tables S11 and  S12 . The open circles represent outliers in the boxplot. Table S1 ). Ischyromys typus overlaps in EQ with the upper part of the range of plesiadapiform primates (specifically with Ignacius graybullianus). The EQ of C. wilsoni and Paramys are both higher than observed for plesiadapiform primates and in the lower part of the range for early fossil euprimates. Indeed, they even fall in the very low range of fossil anthropoids. None of the fossil rodents overlaps with extant Strepsirrhini or Anthropoidea in EQ using cheek-tooth area, but C. wilsoni falls into the extant Strepsirrhini range when using skull length. On the contrary, modern Sciuridae have a higher EQ compared with plesiadapiform primates, overlap with the upper range of early fossil euprimates, and overlap with the range of fossil anthropoids and strepsirhines (Fig. 13B) . Interestingly, extant Sciuridae and modern Strepsirhini exhibit similar variation in EQ, with the sciurids in our sample actually having a slightly higher median value. Finally, the range of EQ for modern sciurid rodents falls in the lower part of the range of modern anthropoid primates (Fig. 13B ).
Olfactory bulbs
Cedromus wilsoni has smaller olfactory bulbs (3.0%; Fig. 9A ) in terms of relative volume compared with P. copei (6.1%, AMNH 4756) and P. delicatus (4.7%, AMNH 12506). However, the olfactory bulb volume of C. wilsoni remains close to the values of I. typus (e.g. 3.1%, AMNH F:AM 144638; 3.2%, ROMV 1007). Cedromus wilsoni has a relative olfactory bulb volume in the range of modern Sciuridae ( Fig. 9A ; Table S10 ). For extant sciurids, the lowest olfactory bulb volume value in our sample was calculated for R. affinis (USNM 488104) and P. petaurista (USNM 589079), each with a value of 1.64%. Lariscus insignis (USNM 488570) has the highest olfactory bulb volume percentage with 4.7% (Table S10 ). The average for extant Sciuridae olfactory bulb volume is 2.9%, which is similar to the value of C. wilsoni.
Cedromus wilsoni has slightly larger olfactory bulbs than would be expected for its endocranial volume compared with extant Sciuridae (Table S12 ), but falls well within the range of modern variation close to the least-squares regression line [i.e. close to Pteromyscus pulverulentus (USNM 481178); Fig. 9B ]. All three specimens of I. typus are above the regression line but remain in the extant sciurid range. Specifically, I. typus AMNH F:AM 144638 and Callosciurus sp. (USNM 294865) have the same position in Fig. 9B . Both specimens of Paramys have larger olfactory bulbs than would be expected for their endocranial volume, and lie above the modern sciurid range ( Fig. 9B ; Table S10 ). In contrast with the results based on endocranial volume, C. wilsoni (USNM 256584) and the three specimens of I. typus have smaller olfactory bulbs than would be expected based on their body mass compared with modern Sciuridae (Table S12) , and especially compared with P. pulverulentus and Callosciurus sp. (Fig. 9C) . Paramys, on the other hand, remains well above the regression line, outside of the extant sciurid range (Fig. 9C) .
The olfactory bulbs are located above P4 in C. wilsoni (USNM 256584; Fig. 4E ) and in most modern squirrels (e.g. S. carolinensis, AMNH 258346; see Fig. 4F ), but can be even more anteriorly positioned in some extant sciurids (e.g. above the diastema in Glaucomys volans; Table S15 ). The olfactory bulbs are located above the M1 in I. typus (ROMV 1007; AMNH F: AM 144836), and in both specimens of Paramys they are above the M2 (Fig. 4A-D ). This Table S9 for data). The open circle on the boxplot represents an outlier. Least-squares regression lines are included for extant Sciuridae. Slope, intercept, r 2 and residuals values are given in Tables S11 and S12. Tables S11 and S13 .
difference might be due to changes in the proportions of the skull between Ischyromyidae and Sciuridae.
Cerebrum and midbrain
The virtual endocast of C. wilsoni (Fig. 3A) has a shorter circular fissure compared with that of I. typus (e.g. ROMV 1007; AMNH F: AM 144836; Fig. S1 ) and both species of Paramys (AMNH 12506 and AMNH 4756; Fig. S1 ), but similar in relative length to that of extant sciurids (Figs 5, 6 and S1). This could be due to expansion of the frontal lobes of the cerebrum rostrally, leading to their impinging on the circular fissure in C. wilsoni and extant Sciuridae. The ratio of cerebellum maximum width/cerebrum maximum width (CML/ CRMW) varies among the taxa. Compared with Paramys (AMNH 12506; AMNH 4756), I. typus (AMNH F: AM 144836, ROMV 1007) and one modern sciurid (Tamiasciurus hudsonicus; USNM 549146), the ratio (CML/CRMW) is lower for C. wilsoni and the other sampled extant sciurids (< 80%; Table S4 ). This would imply that the cerebrum of C. wilsoni and extant sciurids (to a lesser degree in T. hudsonicus, 82%) is laterally more expanded on both sides relative to the cerebellum compared with ischyromyid rodents. Additionally, a fossa in the temporal lobe is visible in all modern sciurids as well as in C. wilsoni ( Figs 3C, 5and6C ). The condition is absent in ischyromyid rodents (Table S15 ; Fig. S1 ). The cerebrum does not fully cover the midbrain in C. wilsoni (USNM 256584), both specimens of Paramys (AMNH 12506; AMNH 4756) and I. typus (e.g. AMNH F: AM 144836, ROMV 1007). Indeed, a flat patch is present on the surface of the endocast in the region between the cerebellum and the cerebrum, which is expected to be present when the midbrain is visible. If the dural sinus was completely covering the midbrain, this lower patch would not be visible and there would be more continuity between the cerebrum and the cerebellum. In contrast, all extant sciurids from our sample exhibit a complete coverage of the midbrain by the cerebrum (Figs 5, 6A and S1), with this part of the brain abutting the vermis of the cerebellum.
Cedromus wilsoni, both species of Sciurus, all Callosciurinae and R. affinis (USNM 488104) exhibit a sylvian fossa on both sides of the cerebrum, but variation in the presence of this feature exists in Xerinae and Pteromyini ( Fig. 5 ; Table S15 ). The sylvian fossa is absent in I. typus and both specimens of Paramys. Most of the extant sciurid rodents have no lateral or sylvian sulci, which is similar to the condition found in C. wilsoni (Figs 3A, 5 and 6A; Table S15 ). Both specimens of Paramys (AMNH 12506; AMNH 4756), I. typus (AMNH F: AM 144836, ROMV 1007, AMNH 12252), two species of Pteromyini [Aeromys tephromelas (USNM 481190) and P. petaurista (USNM 589079)] have lateral sulci on the dorsal part of their cerebrum (Figs 5A,D and S1; Bertrand et al. 2016: Figs 2A and 3B; Bertrand & Silcox, 2016: Figs 3, 5 and 6) . Ratufa affinis (USNM 488104) has two sulci forming a X-shape on the dorso-central part of the cerebrum that are not observed in any other specimens from our sample. One of the sulci is oriented medial to lateral caudally and the other one medial to lateral rostrally (Fig. 5T) . Finally, R. laticaudatus (USNM 488511) is the only specimen from our sample with a sylvian sulcus (Fig. 5R) . Macrini et al. (2007) showed that the development of neocortical sulci was related to the size of the brain, with it being typically, but not universally, lissencephalic in mammalian species with absolute brain masses of < 5 g. Pilleri et al. (1984) showed that for rodents specifically, a transition zone exists in which both gyrencephalic and lissencephalic brains are found in an interval of brain masses between 3 and 30 g. Nevertheless, brains were always found to be gyrencephalic above 30 g. We observed a similar pattern in our sample with the small C. wilsoni (brain mass = 3.4 g) being lissencephalic, while the larger I. typus (5.3 g, ROMV 1007; 5.7 g, AMNH 12252; 6.9 g, AMNH F:AM 144638) and Paramys (7.2 g, AMNH 4756; 12 g, AMNH 12506) exhibit lateral sulci. Extant sciurids with sulci are all in the upper range of the variation in terms of inferred brain mass, with A. tephromelas (11.5 cm 3 ), P. petaurista (12.3 cm 3 ) and R. affinis (12.3 cm 3 ) all exhibiting sulci. Interestingly, R. laticaudatus (USNM 488511) has a lower brain mass (4.2 g) compared with the other extant specimens exhibiting sulci, and yet is the only specimen in our sample with a sylvian sulcus.
The rhinal fissure corresponds to the separation between the paleo-and the neocortex on the cerebrum. This feature represents a key landmark, as it provides information on the degree of development of the neocortex (Jerison, 2012; Long et al. 2015) . In lemurs, there is a relationship between the rhinal fissure and the orbitotemporal canal (Martin, 1990) , which has also been inferred for other taxa (Novacek, 1986) . Brauer & Schober (1970) illustrated the brain of Sciurus vulgaris, and when comparing that illustration with our endocast of S. carolinensis ( Fig. 5H ; Bertrand & Silcox, 2016: Fig. 7C,D) it is clear that the rhinal fissure of their specimen is in the same position as the orbitotemporal canal on our endocast of S. carolinensis. This suggests that the relationship between these features observed in lemurs also holds in rodents. The orbitotemporal canal in C. wilsoni (USNM 256584) is more ventrally positioned compared with that of Paramys (AMNH 12506; AMNH 4756) and I. typus (e.g. AMNH F: AM 144836), which results in the neocortex being visibly more expanded compared with these taxa (Figs 3C,D,  8andS1 ). Extant sciurid rodents have an even more ventrally positioned orbitotemporal canal compared with C. wilsoni (Figs 5, 6 and 8). The neocortical surface area ratio using NS (neocortical surface area including the superior sagittal sinus; ) is used as a basis for comparison here, but the same overall pattern of observations hold no matter which method of quantifying neocortical surface area is used ( Fig. 10A ; see Table S7 for other formulae). The neocortex accounts for 31.5% of the total surface area of the endocast in C. wilsoni, which is higher than in Paramys (AMNH 12506, 17.2%; AMNH 4756, 18.1%) or I. typus (e.g. AMNH F: AM 144836, 23.4%), but lower than all modern sciurids in our sample [e.g. S. carolinensis (AMNH 258346), 36.4%; Fig. 8E ]. Protoxerus stangeri (USNM 435027) has the highest neocortical surface area value with 39.31%, followed by Callosciurus sp. (USNM 294865) with a value of 39.30%. The lowest value was calculated for P. pulverulentus (34.8%; USNM 481178), but in the absence of data on intraspecific variation it is unclear to what degree these differences among modern taxa are significant. The overall average percentage of the neocortical surface area for modern sciurids is 36.8%, which is higher than the value for C. wilsoni (Table S7 ).
The neocortical surface area of C. wilsoni as well as that of ischyromyid rodents is lower than would be expected for their endocranial surface areas compared with extant Sciuridae (Fig. 10B ; Table S12 ). All the fossil taxa lie outside the range of modern variation (Table S8 ), although C. wilsoni is much closer to the edge of that range.
Cerebellum
Because the midbrain is visible on C. wilsoni, the cerebrum does not cover any part of the cerebellum in this specimen ( Fig. 3A ; USNM 256584); the same is true of Paramys (AMNH 12506, AMNH 4756; Fig. S1A,B) and I. typus (AMNH F: AM 144836; Fig. S1D ). It is challenging to compare the cerebellum in the fossils with those for the extant sample as it is impossible to know how much of the cerebellum is covered by the cerebrum on endocasts in which the midbrain is not exposed. Indeed, we can see on the photographs from Brauer & Schober (1970) that the cerebrum covers much of the cerebellum of the brain of S. vulgaris, but the degree of coverage cannot be observed on an endocast. For this reason, the length of the cerebellum measured from the endocasts in extant sciurids may be underestimated compared with C. wilsoni. Therefore, although we have included measurements of the length of the cerebellum on the endocast (Table S3) , we have not sought to interpret those data.
Cedromus wilsoni (Fig. 3A ; USNM 256584) as well as all sampled members of Callosciurinae (e.g. D. rufigenis USNM 488602; Fig. 7 ) and the one sampled member of Ratufinae (R. affinis USNM 488104; Fig. 5T ) exhibit parallel fissures on their cerebellum, and especially on the vermis. Variability in the presence of these fissures exists in Sciurinae and Xerinae (Table S15 ). The absence of such fissures on the surface of the endocast may be due to how well the endocranial surface represents the external anatomy of the brain; however, it is also possible that the cerebellum may display more internal complexity in taxa exhibiting these fissures (see Discussion below).
Because they exist as separate lobes of the cerebellum, it is possible to estimate the volume of the paraflocculi independent of the rest of the endocast. Both paraflocculi are well preserved in C. wilsoni and represent 3.2% of the total volume of the endocast ( Fig. 11A ; Table S9 ). They correspond to as much or more than twice the relative volume observed for Paramys (1.0%, AMNH 12506; 1.2%, AMNH 4756) and I. typus (1.6%, AMNH F: AM 144836; 1.6% ROMV 1007; Table 1 ). Compared with extant sciurids, C. wilsoni also has relatively quite extraordinarily large paraflocculi compared with total endocranial volume (Fig. 11A) . Indeed, the highest value for a modern sciurid we measured has paraflocculi that only occupy 2.33% of the total endocranial volume (T. hudsonicus; Table S9 ). The lowest paraflocculi volume percentage in a specimen for which it can be calculated is 0.9% in Hylopetes spadiceus (USNM 488639). Pteromyini is the group with specimens having the smallest paraflocculi percentage (Fig. 11A) . Indeed, there is one species in our sample, Petinomys setosus (USNM 488674), which lacks a subarcuate fossa entirely, so that a parafloccular volume cannot be calculated from the endocast. Other sciurids (Ratufa, Sciurini, Xerinae and Callosciurinae) have similar parafloccular percentages to one another, near 2% (Table S9) , except for one specimen of Xerinae with a distinctly lower value (1.46%, Paraxerus cepapi, USNM 367956). The average value for the percentage of the paraflocculi in extant sciurids is 1.9%, which is notably lower than the value for C. wilsoni. The paraflocculi of C. wilsoni are relatively much larger than would be expected for its endocranial volume compared with extant Sciuridae ( Fig. 11B ; Table S12 ). Paramys (AMNH 12506; AMNH 4756) and I. typus (AMNH F: AM 144836, ROMV 1007) have smaller paraflocculi than would be expected for their endocranial volume compared with modern Sciuridae. Nevertheless, I. typus (AMNH F: AM 144836) has a very similar paraflocculi/endocranial volume ratio compared with Callosciurus sp. (USNM 294865 ;  Fig. 11B ); in contrast, the only modern rodent in our sample with a lower relative parafloccular volume than Paramys is Heliosciurus spadiceus (Fig. 11A) . Interestingly, the paraflocculi of C. wilsoni are nearly of the mass that would be expected for its body mass compared with modern sciurids, falling slightly below the least-squares regression line, extremely close to H. rufobrachium (USNM 378091; Fig. 11C ; Table S9 ). This condition is different from that observed in ischyromyid rodents, which have smaller paraflocculi than would be expected when considered in relation to both their endocranial volume and their body mass (Fig. 11C) .
Cranial nerves
Various casts of the openings for the cranial nerves can be seen on the ventral surface of C. wilsoni (Fig. 3B) . The hypophyseal fossa for the pituitary gland is not visible in C. wilsoni, I. typus (ROMV 1007) or most extant sciurids (Figs 3B and S1 ). The living species R. affinis, S. carolinensis, the fossil I. typus AMNH F: AM 144836 as well as both specimens of Paramys exhibit a hypophyseal fossa (Figs 5 and  S1 ). This disparity could be due to the presence of a complex of veins obscuring this specific area in the specimens without visible hypophyseal fossae.
The casts of the optic foramina for the optic nerves are visible in C. wilsoni, ischyromyid rodents [P. delicatus (AMNH 12506), P. copei (AMNH 4756), I. typus (ROMV 1007, AMNH F: AM 144836)] and extant sciurids (Figs 3B, 5, 6B and S1), but are broken in AMNH 12252 : Fig. 5B ). According to Wahlert (1974) , the foramen rotundum is confluent with the sphenorbital fissure in most rodents. This condition is primitive for eutherians (Novacek, 1986) , and is exhibited by many other mammalian orders (e.g. dermopterans, chiropterans, carnivores; see Novacek, 1986) . Passages for the ophthalmic veins and cranial nerves III, IV, V 1 , V 2 and VI are visible on the surface of the endocasts; those veins and nerves all exit through the sphenorbital fissure in C. wilsoni (USNM 256584), I. typus (AMNH F: AM 144836, ROMV 1007), Paramys (AMNH 12506; AMNH 4756) and in extant squirrels (Figs 3B, 5, 6B and S1), and there is no evidence of a separate foramen rotundum. On the surface of the endocasts of C. wilsoni, Paramys (AMNH 12506; AMNH 4756) and extant squirrels, the passageway for V 2 is distinct from that for the rest of the veins and nerves (Figs 3B, 5, 6B and S1), but does not lead to a separate foramen. This condition differs from that observed in I. typus (AMNH F: AM 144836, ROMV 1007) in which the passageway of V 2 is not distinguishable from the other nerves and vessels ( Fig. S1 ; see Bertrand & Silcox, 2016: Figs 3B and 6B) . In C. wilsoni (USNM 256584) and various extant sciurids (Table S15) , as well as in I. typus (ROMV 1007, AMNH F: AM 144836), the mandibular nerve (V 3 ) would have passed through both the foramen ovale and foramen ovale accessorius (Wahlert, 1974) . In the specimens lacking this configuration, the mandibular nerve (V 3 ) would have passed through the foramen ovale only. Wahlert (1974) observed that two branches of V 3 (the buccinator and masseteric nerves) exit the cranium by way of a united foramen in the xerine rodent Marmota monax (MCZ B9911). This configuration is exhibited by C. wilsoni and most of the extant sciurid specimens in our sample (Figs 3B, 5, 6B and S1; Table S15 ). This situation contrasts with that observed in Paramys (AMNH 12506; AMNH 4756) and two extant sciurid rodents: H. rufobrachium (USNM 378091) and Pteromys buechneri (USNM 172622), which exhibit distinct foramina for these two branches (Figs 5C,N and S1; Bertrand et al. 2016: Figs 2B and 3B) . Finally, those foramina are absent in I. typus (AMNH F: AM 144836, ROMV 1007). From the available data, there is no clear indication about where the buccinator and masseteric nerves would have been travelling in I. typus.
Casts of the internal auditory meatus, with passageways for cranial nerves VII (facial) and VIII (vestibulocochlear), are visible on both sides of C. wilsoni ( Fig. 3B-D ; USNM 256584) and have a similar position compared with the other fossil and extant rodents, located rostral to the paraflocculi (Figs 5, 6B-D and S1). The cast of the jugular foramen, which corresponds to the passageway of the internal jugular vein and cranial nerves IX, X, XI (Fig. 3B,D) , is positioned ventral to the caudal end of the paraflocculi in C. wilsoni, fossil ischyromyids and extant sciurids ( Figs 3B,D, 5andS1) . One Pteromyini specimen [P. setosus (USNM 488674); Fig. 5F ] lacks subarcuate fossae, as noted above, but the jugular foramen is positioned similarly relative to the passageways for cranial nerves VII and VIII when compared with other modern sciurids. Finally, C. wilsoni (USNM 256584), Paramys (AMNH 12506; AMNH 4756; Bertrand et al. 2016: Figs 2B and 3B) and most extant sciurids ( Fig. 5 ; Table S15 ) have a single hypoglossal foramen (opening for the hypoglossal nerve) on each side, which contrasts with the condition in I. typus (AMNH F: AM 144836, ROMV 1007; Bertrand & Silcox, 2016: Figs 3B and 6B) , Eutamias minimus (USNM 298500) and H. rufobrachium (USNM 378091), who have two hypoglossal foramina per side (Fig. 5N,O ; Table S15 ).
Blood vessels
The intracranial dural sinus system of C. wilsoni (USNM 256584) is typical of therian mammals (Wible & Rougier, 2000) . The superior sagittal sinus is visible and continuous with the transverse and sigmoid sinuses, which then connects with the jugular foramen in C. wilsoni, ischyromyid rodents (P. copei, P. delicatus and I. typus) as well as extant sciurids (Figs 3, 5, 6andS1) . The superior sagittal sinus is more clearly distinguishable in C. wilsoni (USNM 256584), both Paramys specimens (AMNH 12506; AMNH 4756), Callosciurinae, R. affinis (USNM 488104), Sciurinae [Sciurus granatensis (USNM 441999), T. hudsonicus (USNM 549146), P. pulverulentus (USNM 481178), P. setosus (USNM 488674), P. buechneri (USNM 172622)], Xerinae [except P. stangeri (USNM 435027)] than in other specimens, which could suggest that it may have been more deeply located in the meninges in those other specimens (Macrini et al. 2007 ). The superior sagittal sinus is not well defined in the fossil I. typus (AMNH F: AM 144836, ROMV 1007, AMNH 12252; Fig. S1 ). Unlike I. typus and extant sciurid specimens, C. wilsoni (USNM 256584) and both specimens of Paramys (AMNH 12506; AMNH 4756) have casts for the condyloid vessels (Figs 3B and S1; Bertrand et al. 2016: Figs 2B and 3B) .
The presence of one or more rami temporales (branches of the stapedial artery) is primitive for eutherians and is present in many mammalian orders (Wible, 1987) . Cedromus wilsoni (USNM 256584) as well as most extant sciurids of our sample have one cast for a ramus temporalis (Table S15 ). In contrast, Paramys (AMNH 12506; AMNH 4756) has casts for two rami temporales. Ischyromys typus (Fig. S1 ) as well as three modern sciurid species [P. setosus (USNM 488674), P. stangeri (USNM 435027), E. minimus (USNM 298500); Fig. 5F ,M,O; Table S15 ] do not exhibit evidence for a ramus temporalis on the endocast.
Cedromus wilsoni has a bony stapedial canal, which is also the case for P. delicatus, P. copei (AMNH 12506; AMNH 4756) and most extant sciurids (Table S15) . Ischyromys typus (Fig. S1 ) and two modern sciurid species, P. setosus (USNM 488674) and P. pulverulentus (USNM 481178), lack a stapedial canal (Fig. 5B,F) . The stapedial artery and the facial nerve are inferred to have occupied a common canal for a short distance in C. wilsoni, two Sciurini [S. carolinensis (AMNH 258346), S. granatensis (USNM 441999)], Xerinae and three Callosciurini [R. laticaudatus (USNM 488511), L. insignis (USNM 488570), D. rufigenis (USNM 488602); Table S15 ]. In the remaining eight specimens with a stapedial canal, both the facial nerve and stapedial artery would have run together, but are wholly separated from one another by a thin bony septum (Table S15 ). Contrary to the condition in Paramys, C. wilsoni, all extant sciurids and I. typus do not exhibit evidence for a patent promontorial artery (Table S15) .
Finally, a cast of a passageway continuous with the postglenoid vein and the orbitotemporal canal may be identified as a possible extension of the external jugular vein (labelled '? branch of the external jugular vein' on Fig. 3D ) in I. typus, C. wilsoni, the extant R. affinis (USNM 488104) and P. petaurista (USNM 589079), but is not apparent on the endocasts of Paramys or other modern squirrels (Figs 3D, 5 and S1; Table S15 ).
Discussion EQ and locomotion
Although EQ has been thought to increase through time in many mammalian orders (Jerison, 1973; Radinsky, 1976; Gurche, 1982; Silcox et al. 2010; Orliac & Gilissen, 2012; Yao et al. 2012) , these results support previous inferences that EQ varies in rodentian evolution without showing a clear trajectory towards an increase through time , as the earliest rodents known from an endocranial record (Paramys) have higher EQs than some later occurring rodents, including C. wilsoni (Fig. 13A) . Having said that, however, it is notable that all of the fossil rodent species known from endocasts have low EQs compared with the modern sample, suggesting that there was some kind of temporal effect operating in the evolution of the brain in this group, even if it did not take the form of a strict linear trend. Pilleri et al. (1984) suggested that an increase in EQ might be correlated with arboreality in rodents. Eisenberg & Wilson (1978) found that high EQ was correlated with evolving in a three-dimensional space or with foraging strategies including a complex search process in Chiroptera. Mace et al. (1981) also noted that a high degree of encephalization was correlated with arboreality in rodents. Roth & Thorington (1982) also found a relationship between lifestyle and relative brain size in African squirrels, with arboreal species being more encephalized than terrestrial taxa. In our expanded sample of data for extant species, modern tree squirrels seem generally to have a higher EQ compared with terrestrial sciurids. It is unclear why three of the terrestrial specimens in our sample would have higher EQs than other squirrels in the same locomotor category, but other ecological factors such as varying approaches to foraging could potentially impact EQ [e.g. food hoarding in L. insignis (Yasuda et al. 2000) might require spatiotemporal cognitive skills that could explain its unusually high EQ; see also Eisenberg & Wilson, 1978] . Nonetheless, a clear contrast exists in EQ between the bulk of the terrestrial sample and modern sciurids that spend at least some time in the trees.
The EQ of C. wilsoni is similar to that observed in extant terrestrial sciurids, and lower than that observed in any living arboreal, gliding or scansorial sciurids when using cheek-tooth area for the estimation of the body mass, but in the low range of gliding species using skull length. In light of this observation, it would be helpful to know the locomotor habits of this species. Did C. wilsoni have a smaller brain because it was terrestrial, or possibly even a glider, or because it was from earlier in time? Unfortunately, no postcranial data are available for this genus. Emry & Thorington (1982) described the postcrania of another early sciurid specimen, D. jeffersoni [USNM 243981; originally Protosciurus jeffersoni, re-classified into the genus Douglassia by Emry & Korth (1996) ], from the Chardronian (Ch2-3: 36.6-34.8 Ma, Late Eocene; Janis et al. 2008) . Unfortunately, the associated cranium of this specimen is too incomplete to be used to obtain an endocast, but it is notable that Emry & Thorington (1982) interpreted the postcranial evidence as indicating arboreal behaviour, which is in keeping with inferences that Sciuridae was primitively arboreal (Emry & Thorington, 1982 , 1984 Steppan et al. 2004) . The Oligocene C. wilsoni could have been arboreal, but could have simply not yet reached the EQ of modern tree squirrels. It is worth noting that two specimens of the ischyromyid I. typus have a lower EQ compared with C. wilsoni from the same epoch. Ischyromys was found to be semi-fossorial by Wood (1937) and terrestrial by Bertrand et al. (2015) . These data could potentially reflect a contrast associated with a higher degree of arboreality in the Oligocene C. wilsoni. Nevertheless, the Eocene P. delicatus and P. copei have EQs equivalent to or even higher than that of C. wilsoni when using cheek-tooth area. The locomotion for those species is still under debate. Based on postcranial data, Paramys has been considered as a generalist (Rose & Chinnery, 2004) and based on cranial data as a terrestrial rodent (Bertrand et al. 2015) . This uncertainty makes it difficult to untangle the effects of ecology and time in interpreting brain size in early rodents. More to the point, however, EQ might be too coarse of a way of looking at neurological changes through time. If the goal is to understand what factors were causing evolutionary changes in the brain, then studying specific regions might be more appropriate than considering only brain size.
Neuroanatomical changes and arboreality
Our study of the virtual endocast of C. wilsoni (USNM 256584) provides evidence for some fundamental neuroanatomical changes occurring at or near the base of Sciuridae. The regression analyses focussing on the olfactory bulbs are difficult to interpret, partly because the sample of fossil rodents is small and may not represent the full diversity that may have existed during the Paleogene in Ischyromyidae and Sciuridae, and partly because the interpretation changes somewhat depending on whether they are compared with the endocranial volume or with body mass. Both Paramys taxa had larger olfactory bulbs than would have been predicted from the modern sample based on either endocranial volume or body mass (Fig. 10B) , although it must be acknowledged that this inference requires interpolation beyond the range of the modern data. The Orellan C. wilsoni and I. typus have olfactory bulbs in the range of modern rodents when viewed in relation to endocranial volume, which may suggest that this relationship stayed relatively stable since the early Oligocene in rodents. However, the story changes somewhat for the Orellan taxa when the estimated mass of the olfactory bulbs is studied in relation to body mass -they go from having somewhat larger olfactory bulbs than would be predicted based on endocranial volume to less massive bulbs than predicted based on body mass. This change in position between the two analyses (Fig. 10A,B) likely reflects evolutionary changes to other parts of the brain between the Oligocene and modern forms (discussed below), which would have impacted the size of the olfactory bulbs when considered in relation to the overall volume of the brain. If body mass represents a less biased standard against which to make comparisons, the Oligocene taxa actually show a marked drop in the relative size of the olfactory bulbs compared with the Eocene forms, with some modern species reevolving larger olfactory bulbs. Ultimately, however, more data on fossil rodents are required in order to see if a clearer pattern emerges with respect to evolution of this part of the brain.
The results of the PCA show profound changes in brain shape and size from primitive ischyromyids to the earliest sciurid, reflecting decreases in overall size of the endocast, but an increase in all dimensions of the cerebrum relative to length of the endocast. This analysis shows that the endocast of C. wilsoni actually approaches the form of modern sciurid endocasts, differing markedly from even I. typus from the same epoch. One specific part of the cerebrum, the neocortex, is a crucial component of the brain in mammals, as it is where the integration of sensory and motor information takes place (Martin, 1990) . Our results show evidence of an increase in neocortical surface area occurring through time in ischyromyids, and in the transition from more primitive ischyromyids to sciurids (Figs 8 and 10) . Interestingly, C. wilsoni also has a more expansive neocortex compared with I. typus from the same epoch, which shows that the brain of early squirrels may have undergone important neurological changes. In addition to changes in the relative size of the neocortex, neuroanatomical changes associated with the neocortex (e.g. presence of a sylvian fossa in C. wilsoni and most modern sciurids), suggest a more complex neocortical organization in early sciurids relative to more primitive rodents. A possible explanation for these neocortical changes is the adoption of arboreality. The one group in our analysis that includes both terrestrial and arboreal/scansorial specimens (Callosciurinae) showed a marked contrast in the PCA analysis between the terrestrial species, with lower values on PC2, and the arboreal scansorial members, which exhibit higher values on PC2. The highest values on PC2 were variable related to various lengths of the endocast (i.e. total, cerebellar, cerebral and olfactory bulb lengths) as well as the overall size of the cerebrum. These contrasts suggest a relatively expanded cerebrum is present in the arboreal/scansorial forms. In extant arboreal squirrels such as S. carolinensis, visual fields located in the occipital lobes of the neocortex are better developed compared with subterranean species (Heterocephalus glaber; Krubitzer et al. 2011) . Because this characteristic cannot be quantified in endocasts, the degree of caudal expansion of the neocortex has been used as a proxy for the expansion of the occipital lobes (Silcox et al. 2010; . In the endocast of all modern sciurids from our sample, the midbrain is completely covered, which contrasts with the condition in the semi-fossorial/terrestrial I. typus in which the midbrain is visible. In C. wilsoni, the cerebrum does not cover the midbrain completely, but does cover it more than in I. typus. If C. wilsoni were indeed partly arboreal, this could suggest that C. wilsoni had developed additional visual fields compared with the semi-fossorial/ terrestrial I. typus, but perhaps not to the same degree as in modern sciurids.
A possible counter to this argument is that some modern sciurid species in our sample are considered terrestrial, but still have a large neocortex compared with the fossil taxa. Considering that the common ancestor of squirrels has been inferred to be arboreal (Emry & Thorington, 1982 , 1984 Steppan et al. 2004) , this ancestry may have laid the foundations for the squirrel brain morphology that is observed today. Terrestrial taxa may have maintained this large neocortex, accommodating other vital functions than solely those associated with arboreality, such as sociality and food foraging (Yasuda et al. 2000) .
Cerebellar fissures on C. wilsoni and extant sciurids also suggest an increase in functional complexity in the cerebellum. Sillitoe et al. (2005) argue that an increase in cerebellar complexity (i.e. more fissures) leads to information being processed in multiple ways and in less time, a more specific treatment of the information coming to the cerebellum, and an increase in functional specialization. Cerminara & Apps (2011) also note that the cerebellum is partly responsible for movements of the eyes and head among other motor functions such as balance, posture and limb control. Consequently, in light of the development of fissures on the cerebellum in C. wilsoni and their absence in Ischyromyidae, these functions may have been enhanced in the transition between ischyromyids and early squirrels.
Interestingly, from our results, the size of the paraflocculi is lower in modern sciurids compared with C. wilsoni when considered in relation to the endocranial volume (Fig. 11B) . The results obtained from the regressions focussing on the paraflocculi may suggest a change toward a lower proportion in the paraflocculi compared with the whole endocranial volume through sciurid evolution, but as with the olfactory bulbs, the relationship changes when the estimated parafloccular mass is considered in relation to body mass, with C. wilsoni falling within the modern sciurid range. Again, this likely reflects evolutionary changes to the other parts of the brain (e.g., neocortex) in sciurids occurring subsequent to C. wilsoni, making endocranial volume a problematic basis upon which to form relative comparisons. It is nonetheless notable how much of the endocast is comprised of the paraflocculi in C. wilsoni (3.0%) relative to the other fossil taxa (1.03-1.60%), and that this taxon is within the modern sciurid range when considered relative to body mass, while the ischyromids are not. This contrast among the fossils suggests that the paraflocculi might have been one of the first parts of the brain to expand in sciurid evolution. Because the paraflocculi's functions are related to the control of eye movements in mammals (Rambold et al. 2002) , this result would support the idea that this function may have been enhanced in the transition to Sciuridae. Because C. wilsoni has such large paraflocculi, this species may have been a more visually oriented animal compared with ischyromyid rodents, and adapted to some degree to arboreal life, but ultimately postcranial data will be needed to assess hypotheses about the locomotion of C. wilsoni. Considering that the neocortical surface area is smaller in C. wilsoni compared with that observed in any extant squirrel, this would suggest distinct evolutionary trajectories for the neocortex and the paraflocculi through time in Sciuridae, so tying both to the evolution of arboreality might be an oversimplification of a more complex evolutionary process.
One problem in the interpretation of the paraflocculi as being key to navigating in the arboreal habitus is the relatively small size of these structures in the family Pteromyini, who would be predicted to need as much or more eye movement control as arboreal squirrels to land on trunks while gliding. Lu et al. (2014) conducted a geometric morphometric analysis on the skull of modern Sciuridae and found that skull shape may potentially be correlated with different lifestyles. Their interpretations are also consistent with the results from Bertrand et al. (2015) suggesting that the form of the braincase may be more correlated with locomotion than body mass in extant Sciuridae. In this context, the small size of the paraflocculi in pteromyines, and the complete absence of a subarcuate fossa in P. setosus (USNM 488674), may reflect the relationship between cranial shape and this part of the brain (i.e. the room available for a distinct lobule). In any case, the small size of this part of the endocast in this gliding subfamily serves as a cautionary note about interpreting the size of the paraflocculus functionally.
Parallel brain evolution in Rodentia and Primates
Primates and Rodentia are the two euarchontogliran orders with the most available endocranial data (Gurche, 1982; Gingerich & Gunnell, 2005; Silcox et al. 2009 Silcox et al. , 2010 Kirk et al. 2014; Orliac et al. 2014; Ramdarshan & Orliac, 2015; . Consequently, it is becoming possible to better understand crucial aspects related to brain evolution in the two groups, and to look for instances of parallelism. For example, we can compare patterns in the changes in brain size and shape through time, and consider whether or not the causes leading to brain size increase in the two groups are similar. showed that the Oligocene I. typus had a smaller brain relative to body mass compared with similarly aged omomyoid and anthropoid primates. suggested that the neocortical surface area increased through time in rodents as has been shown for primates (Long et al. 2015) , but this increase was less intense in rodents and started later. In the context of this paper, it is of interest to compare the data from the sciurid C. wilsoni with data from primates that are roughly contemporaneous: Oligocene anthropoids. Two early anthropoid primates from the Oligocene Aegyptopithecus zeuxis (CGM 40237) and Parapithecus grangeri (DCP 18651) have EQs of 0.87 and 1.22, respectively (calculated with Eisenberg's equation using data from Martin, 1990; Bush et al. 2004 ). They both have higher EQs compared with the early sciurid C. wilsoni when body mass is estimated using cheek-tooth area (0.75), but the value calculated with a body mass estimate based on skull length (0.99; Table S1 ) would put C. wilsoni in the range of Oligocene primates. This suggests that the contrast that can be observed today, in which anthropoid primates exhibit a higher EQ compared with extant sciurid rodents, may not have necessarily been evident during the Oligocene. An unexpected result is that both extant Sciuridae and Strepsirrhini exhibit similar patterns of EQ variation. Unfortunately, data on fossil strepsirhines are rare; Mioeuoticus sp. (early Miocene; data from Martin, 1990 ) is the only fossil strepsirhine in our sample. It has a lower EQ than C. wilsoni, but this might relate to time as much as to anything related to a specific function. Consequently, in the absence of comparisons with similarly aged fossil rodents, it is unclear what this contrast implies, and data are not available to draw inferences about the larger pattern of rodent vs. strepsirhine evolution.
With respect to more specific neuroanatomical changes, all living primates exhibit a sylvian sulcus, as do most fossil euprimates (Radinsky, 1970; Martin, 1990; Silcox et al. 2010; Kirk et al. 2014; Ramdarshan & Orliac, 2015 ; but see Gazin, 1965) . With respect to Oligocene anthropoids, one of the specimens of A. zeuxis exhibits this feature (Simons, 1993 ); although it is described as lacking in another (CGM 85785), this absence is likely due to distortion of the specimen (Simons et al. 2007 ). Bush et al. (2004) extracted the endocast of P. grangeri (DPC 18651), but the only illustration of the endocast (Bush et al. 2004: fig. 3 ) does not provide a clear indication of whether or not this specimen had a sylvian sulcus. Cedromus wilsoni as well as most extant sciurids do not have a sylvian sulcus, but do have a sylvian fossa similar to the one found in the more primitive primates Plesiadapis tricuspidens and I. graybullianus, and in living treeshrews (Silcox et al. 2009; Orliac et al. 2014 ; see exceptions in Table S15 ). The callosciurin R. laticaudatus (USNM 488511) is the only extant sciurid from our sample with a well-defined sylvian sulcus, a somewhat surprising observation as this feature has often been considered a distinctive trait of Euprimates. The absence of this feature in primitive rodents and primates suggests that its presence in R. laticaudatus represents an instance of convergence rather than a holdover from their common ancestry. One possible reason why the presence of the sylvian sulcus may differ between mammalian taxa is due to the level of compaction of the brain, which is thought to be associated with the presence of sulci (Mota & Herculano-Houzel, 2015) . Perhaps the brain of R. laticaudatus faced a similar 'packing problem' to that experienced by Euprimates, leading to the evolution of a similarly placed sulcus.
No data on neocortical surface area, or parafloccular or olfactory bulb volume have been published for Oligocene anthropoids. Nevertheless, data on neocortical surface area in primates have been published, and a trend in neocortical surface area increase has been demonstrated for this group (Long et al. 2015) . For rodents, a similar trend can be inferred based on the results of this and previous studies ). However, because C. wilsoni has a larger neocortical surface area compared with the contemporaneous I. typus, factors other than temporal effect alone may have played a role in the increase of the neocortical surface area of rodents. The olfactory bulbs are smaller relative to endocranial volume in C. wilsoni, I. typus and modern sciurids compared with Eocene Paramyinae, with the exception of L. insignis (USNM 488570). This suggests a potential decrease in olfaction in the early evolution of ischyromyids. Rodentia and Primates then experienced a parallel reduction in olfaction through time, but in light of the typically very small olfactory bulbs of extant anthropoids, this trend was clearly more pronounced in Primates.
Because Eocene and Oligocene primates were already clearly arboreal (Dagosto, 1983; Schmitt, 1996; Gunnell, 2002; Bloch et al. 2007; Dunn, 2010; Fleagle, 2013) , neurological changes such as increase in neocortical surface area occurring through time in Primates probably depend on factors other than locomotor habits, at least in a broad sense. Change in diet has been suggested as one factor that might have affected brain size increase in Primates. For example, the expensive tissue hypothesis suggests that brain size increase can be related to gut size decrease, as reductions in one 'expensive tissue' can allow for the expansion of another (Aiello & Wheeler, 1995) . Those authors found that splanchnic organ size is highly correlated with diet, and that a strong relationship exists between small guts and food that is easier to digest, such as meat or fruits. In early great apes, frugivorous species tend to have a larger brain size compared with folivores (Begun & Kordos, 2004) . Indeed, the anthropoid Rudapithecus brancoi (late Miocene) possesses cranio-dental characteristics of a frugivore (data based on RUD-77 and RUD-200) and has a larger relative brain mass compared with the genus Oreopithecus from the same epoch (Begun & Kordos, 2004) , which has been interpreted as a folivore (Singleton, 2004) . Begun & Kordos (2004) argue that during the Miocene, a dietary shift toward fruits may have occurred and could be associated with brain size increase in those taxa. Both Oligocene anthropoid primates from the Fayum known from endocasts, A. zeuxis and P. grangeri, are interpreted as having been frugivores (Teaford et al. 1996) and have relatively large brains for their time period. Hence, diet may have potentially been a driver for brain size increase in Primates. Unfortunately, no data are available for the diet of C. wilsoni. A factor that has been related to diet is the degree of surface complexity of the molars. In particular, frugivores show relatively less complex molars than folivores (Kay & Hiiemae, 1974) . The surfaces of the upper molars are more complex than might be expected for a frugivore in C. wilsoni, bearing a complex series of quite tall crests. Two modern flying squirrels from our sample have teeth that appear to be similar in terms of the degree of surface complexity compared with those of C. wilsoni. Hylopetes is small (84 g, H. spadiceus USNM 488639) and partly eats insects (Nowak, 1999) , and Petaurista is larger (P. petaurista USNM 589079, 1097 g) and is considered a folivore (Nowak, 1999) , both diets that require complex teeth for processing high fibre components of the diet. Considering the body mass of C. wilsoni (393 g with cheek-tooth area and 269 g with skull length), this specimen may have had a similar diet to Hylopetes, incorporating insects and other foods requiring trituration, but additional analyses (e.g. dental topographic analysis) would be needed to see if this hypothesis is plausible. Insectivorous species are often megadont and have larger teeth than may be expected for their overall body mass. If C. wilsoni was in fact insectivorous, this could potentially explain the discrepancy observed between EQ estimates from skull length and cheek-tooth area. Consequently, the EQ of C. wilsoni could be underestimated with cheektooth area because of its diet. In any case, because foods rich in structural carbohydrates that require complex teeth to be processed would generally not be considered of high quality, diet may have not been one of the factors affecting brain size increase in early squirrels.
These results show that, despite the fact that Primates and Rodentia exhibit a similar increase in neocortical surface area and especially a caudal expansion of the cerebrum, and although both groups have successfully inhabited the arboreal niche, differences in timing with respect to when the neurological changes occurred suggest that they may have resulted from different environmental stimuli. Although in the absence of more definitive locomotor data it is difficult to assess whether or not locomotion led to the apparent increase in the size of the neocortex in sciurids, documented by C. wilsoni, in light of the relationship between relative brain size and locomotor behaviour in modern rodents, this remains a likely hypothesis. In contrast, brain size increase postdated the evolution of arboreality in primates, and is more plausibly tied to dietary change.
Conclusions
The virtual endocast of C. wilsoni sheds light on the neuroanatomical changes occurring at the base of Sciuridae. In term of overall relative brain size, C. wilsoni does not show a significant increase in EQ compared with Oligocene and Eocene ischyromyids, implying that unlike other mammalian orders (Jerison, 1973) , rodents do not show a clear trend for increase in relative brain size through time.
With respect to the changes occurring in different parts of the brain, there is evidence for a decrease in the size of the olfactory bulbs among early rodents, with C. wilsoni actually having smaller bulbs than many modern taxa when considered in relation to body mass. Furthermore, neurological changes occurred at or near the base of squirrels involving changes in both the cerebrum and cerebellum. The relative neocortical surface area may have increased during the transition between ischyromyids and early sciurids, with particular evidence for expansion of the occipital region onto the midbrain, during the transition between ischyromyids and early sciurids. Because the expansion of the caudal region of the cerebrum has been associated with improvement in vision (Martin, 1990; Silcox et al. 2010) , early squirrels may have had this function enhanced. What's more, the cerebellum also became more complex, with fissures on the vermis, and larger paraflocculi from more primitive ischyromyid to early sciurids. An increase in the number of cerebellar fissures has been associated with enhancements of motor control functions, such as head movements, balance and limb coordination (Sillitoe et al. 2005; Cerminara & Apps, 2011) , and the paraflocculi are associated with eye movement control (Rambold et al. 2002) . Therefore, early squirrels may have been more agile and had better vision than more primitive rodents. All of these structural changes occurring in the cerebrum and cerebellum of C. wilsoni compared with Eocene and Oligocene ischyromids imply fundamental shifts in the brain organization of early squirrels, potentially associated with the adoption of arboreal life.
Primates and Rodentia both exhibit an increase in neocortical surface area (with caudal expansion) through time (Long et al. 2015; . However, the reasons why this change occurred might be different for the two groups as Primates were already arboreal when neocortical expansion took place in this group. Diet may have had a more critical impact on brain evolution in Primates, while locomotion may have been a more crucial factor in squirrel brain evolution. Ultimately, these data potentially inform us about the process of becoming arboreal and the neurological changes that might be associated with it in early squirrels.
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